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Abstract 27 
UK seasonal mean temperature and precipitation conditions are extremely variable from 28 
one year to the next but in the last decade have featured several cool, wet summers and 29 
mild, wet winters interspersed with some notable cold winter episodes. Jet stream 30 
variability is a major determinant of these fluctuations, and is often represented by the 31 
North Atlantic Oscillation (NAO) index. Recent work has shown some evidence of promising 32 
predictability in the winter NAO from one to two months ahead, while summer 33 
predictability remains very limited. Although the phase and magnitude of the NAO 34 
influences total UK rainfall, there are regional variations which it does not explain. Here we 35 
examine the relationship between UK regional summer and winter precipitation and 36 
temperature and a range of North Atlantic atmospheric circulation indices. While the NAO 37 
shows a significant relationship with temperature in both seasons and summer rainfall over 38 
most of the UK, the picture in winter is more complicated with other circulation indices such 39 
as the East Atlantic pattern explaining rainfall anomalies in southern England. Other indices 40 
also show significant relationships with precipitation in regions where the NAO does not. 41 
Since UK weather is determined by the interplay between different circulation indices, 42 
attention should be given to developing seasonal forecasts of other circulation indices to 43 
complement the NAO forecasts. We also find that some potential drivers of jet stream 44 
variability are significantly associated with UK temperature and rainfall variability, 45 
particularly in summer. This provides further scope for producing seasonal forecasts based 46 
directly on these drivers. Improved seasonal forecasts will be useful to a range of end users 47 
in agriculture, energy supply, transport and insurance industries and can be extended to 48 
other UK weather variables such as extreme rainfall events and storm frequency, and 49 
related metrics such as wind power capacity and solar energy. 50 
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 53 
1. Introduction 54 
UK weather is extremely variable on intraseasonal and interannual timescales, with changes 55 
in storminess, wind speeds, rainfall and temperature associated with the variability of the 56 
North Atlantic jet stream (e.g. Hulme and Barrow, 1997; Woollings, 2010).  Jet stream and 57 
associated storm track variability can be represented by the North Atlantic Oscillation (NAO) 58 
index (e.g. Vallis and Gerber, 2008; Hanna and Cropper, 2017) and there are strong 59 
correlations between jet latitude and the NAO (e.g. Woollings and Blackburn, 2012). The 60 
NAO can be defined in several ways, but is often represented as the normalised sea-level 61 
pressure (SLP) difference between the Azores, Lisbon or Gibraltar and Iceland (e.g. Hurrell, 62 
1995, Jones et al., 1997; Cropper et al., 2015). An increased (decreased, or even reversed) 63 
pressure difference results in a positive (negative) NAO phase, the pressure gradient being 64 
proportional to the strength of the geostrophic westerlies. The location of the NAO nodes 65 
varies over the seasons, and between positive and negative NAO phases (Wanner et al, 66 
2001) and this variability can be better captured by an empirical orthogonal function (EOF) 67 
approach to identifying the NAO (e.g. Hurrell et al., 2003), with the associated principal 68 
component (PC) time series representing the NAO index. Correlation between the Hurrell 69 
station-based and PC-based winter (December-February; DJF) NAO indices is 0.88 from 70 
1899-2016 whereas for the same period in summer the correlation is only 0.59; this reflects 71 
the shift in location of the summer centres of action, which is better captured by using EOFs. 72 
A summer NAO index (SNAO) has been proposed, partly to reflect this seasonal difference 73 
(Folland et al., 2009). As the NAO is equivalent barotropic in nature, it can also be derived 74 
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from 500hPa geopotential height fields and the NOAA Climate Prediction Center (CPC) 75 
construct an NAO index based on the rotated EOF of 500hPa geopotential height anomalies.  76 
The NAO can also be identified by one-point correlation maps and cluster analysis, as 77 
described by Hurrell and Deser (2009). 78 
 79 
In winter, a positive NAO is associated with mild, wet winters in the UK and western Europe, 80 
with increased frequencies of stronger westerly winds in the mid-latitudes (Hurrell and 81 
Deser, 2010; Burningham and French, 2013) and a positive correlation between 82 
temperature and NAO phase over the UK and northern Europe (Comas-Bru and McDermott, 83 
2014). Generally there is a north-eastward shift of storm activity, with more storms in 84 
northern Europe (Hurrell and Deser, 2009).  A more negative NAO generally brings colder, 85 
drier conditions to northern Europe. In summer however, there is a poleward shift in the jet 86 
stream and the NAO nodes. Consequently a positive summer NAO tends to be associated 87 
with warm dry summers in northwestern Europe, low-pressure systems being steered to the 88 
north of the British Isles, whereas a negative NAO in summer preferentially directs rain-89 
bearing low-pressure systems over the region (Folland et al., 2009; Dong et al., 2013a).  90 
 91 
The NAO is the first EOF of SLP over the North Atlantic region. The percentage of variance 92 
explained is domain- and time-period dependent, but is greater in winter than in summer 93 
and can be typically up to 40% of total variance (e.g. Hurrell, 1995).  However, a significant 94 
amount of SLP variance is explained by other lower-order EOFs. The second mode of 95 
variability is the East Atlantic (EA) pattern (e.g. Barnston and Livezey, 1987; Moore and 96 
Renfrew 2012), which in its positive phase is represented by a low-pressure monopole to 97 
the west of Ireland. An EA index with reversed polarity has been used in a number of papers 98 
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(e.g. Wallace and Gutzler, 1981; Comas-Bru and McDermott, 2014; Zubiate et al., 2016), but 99 
this does not affect the relationships identified, just the polarity.  The third EOF, the 100 
Scandinavian pattern (SCA), features high pressure over Scandinavia in its positive phase 101 
(e.g. Barnston and Livezey, 1987). As with the NAO, the CPC version of these EOFs (EA-CPC 102 
and SCA-CPC) are derived from 500hPa GPH anomalies. The interplay between these modes 103 
of atmospheric circulation variability can more fully describe North Atlantic jet stream 104 
variability (Woollings and Blackburn, 2012). The percentage of variance explained by these 105 
two additional EOFs depends on the time period, domain and atmospheric variable under 106 
consideration, but can be up to 25% for the EA (e.g. Woollings and Blackburn, 2012) and 107 
around 10% for SCA. 108 
 109 
There has been considerable debate over the extent to which the NAO is purely a mode of 110 
atmospheric internal variability, or whether it is driven by external factors. In numerical 111 
experiments James and James (1989) found that a mode similar to the NAO can be 112 
internally generated, and Feldstein (2000) identified the interannual variability of the winter 113 
NAO as arising primarily from unforced climate noise. However the orography of the Rocky 114 
Mountains together with the land-sea temperature contrast off the eastern coast of North 115 
America, exert an influence on the North Atlantic storm track pattern (Vallis and Gerber, 116 
2008; Brayshaw et al., 2009) which in turn impacts upon the NAO phase. Indeed, the NAO 117 
changes could be regarded as the variability of the storm track (Vallis and Gerber, 2008). 118 
 119 
Despite the NAO being a mode of internal variability, there has been recent significant 120 
progress in seasonal forecasting of the winter NAO from one to two months ahead, using 121 
dynamical forecasting models (Scaife et al., 2014; Stockdale et al.,2015). This is a 122 
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consequence of the influence of slowly varying boundary conditions such as North Atlantic 123 
and Pacific sea-surface temperatures (SST) and Arctic sea-ice variability, which influence the 124 
atmospheric circulation over longer timescales (e.g. Hall et al., 2015; Smith et al., 2016), 125 
with the possibility that forecasts can be extended to over a year ahead (Dunstone et al., 126 
2016). Recent statistical forecasts of the winter NAO provide further evidence for this link 127 
(Hall et al., 2017a; Wang et al., 2017). A reliable seasonal forecast of the winter NAO will 128 
indicate the weather patterns expected in the UK during the upcoming winter months, 129 
which is invaluable to planners and decision makers.  Several studies demonstrate the 130 
potential applications of th se forecasts in important areas such as hydrological event 131 
prediction (Bell et al., 2017), wind and solar energy supply and energy demand (Ely et al., 132 
2013; Clark et al., 2017) and transport networks (Palin et al., 2016). For example, for a 133 
winter forecast of a negative NAO, cold calm weather conditions would be expected 134 
together with increased energy demand, yet supply from wind energy will be reduced; a 135 
positive NAO forecast would be associated with the probability of increased rainfall and 136 
flood risk in certain areas.  137 
 138 
Seasonal forecasts often focus on the NAO and ignore the contribution of the other 139 
circulation indices to temperature and rainfall anomalies, and moreover do not distinguish 140 
between UK regional variations, limiting the usefulness of the forecast. There is a significant 141 
positive correlation between overall UK winter precipitation and the winter NAO (e.g. 142 
Svensson et al., 2015), as a consequence of the shift in storm tracks. However, on a regional 143 
basis this is potentially misleading as the heavier precipitation over the north and west, due 144 
to orography, frontal rainfall and to geographical location, skews the overall picture (e.g. 145 
Comas-Bru and McDermott, 2014). Figure 1 shows rainfall anomaly maps for three recent 146 
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positive NAO winters. The distributions of rainfall anomalies are very different, and the 147 
generalised positive relationship between NAO strength and UK rainfall is not clear. The 148 
rainfall anomaly pattern is not a straightforward function of NAO strength as winter 2014-15 149 
has the largest NAO value, yet positive precipitation anomalies are lower and reduced in 150 
extent, while areas with negative anomalies increase. In 2015-16, with an intermediate 151 
positive NAO value, the largest rainfall anomalies are over the northern UK and 2013-14 has 152 
the largest rainfall anomalies over the south of the UK, as well as southern and central 153 
Scotland, although the NAO value is the lowest.  These positive rainfall anomalies over 154 
southern England in 2013-14 have been attributed to the NAO (e.g. Huntingford et al., 155 
2014). However, van Oldenborgh et al. (2015) point out that the winter NAO is significantly 156 
correlated with rainfall only in the north and west of the UK, and the NAO does not explain 157 
rainfall variance in the south.  A straightforward NAO forecast for each of these winters, 158 
even if accurate, would not predict the observed regional distribution of rainfall anomalies, 159 
or indeed their magnitude, based on a linear relationship. Comas-Bru and McDermott 160 
(2014) illustrate the effect of the interplay between the NAO and EA on winter precipitation 161 
patterns (their Figure 9), indicating that the EA phase plays an important role in determining 162 
regional variability of precipitation anomalies under positive NAO conditions.  Figure 2 163 
shows SLP and zonal wind differences between 2013-14 and 2014-15. The North Atlantic jet 164 
is stronger in the former, and displaced southward, despite the lower NAO value. In figure 165 
2b, a clear EA pattern emerges, indicating a more positive EA in 2013-14. There is also a 166 
contribution from the positive SCA pattern in 2013-14 relative to 2014-15. Therefore it is 167 
evident that the regional rainfall anomalies of a particular season cannot be attributed 168 
solely to the NAO.  169 
 170 
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At present there is little skill in forecasts for the summer North Atlantic atmospheric 171 
circulation, yet such skill would be of particular benefit to the agricultural and leisure 172 
sectors. However, a recent study has identified some possible sources of predictability (Hall 173 
et al., 2017b). Decreased (increased) sea-ice extent in the Barents-Kara Sea is associated 174 
with a southward (northward) displacement of the jet in the following summer, which may 175 
be related to the persistence of sea-ice thickness anomalies through the winter (Blanchard-176 
Wrigglesworth et al., 2011). The recent cool wet UK summers (e.g. Blackburn et al., 2008; 177 
Dong et al., 2013b) have also been associated with the positive phase of the Atlantic 178 
Multidecadal Oscillation (AMO) of Atlantic-wide SST anomalies (e.g. Sutton and Dong, 2012). 179 
 180 
In this study we explore the relationships between a number of North Atlantic atmospheric 181 
circulation indices and temperature and rainfall over the UK, for both summer (JJA) and 182 
winter (DJF), in order to inform the future development of seasonal forecasts that are 183 
tailored to specific regions of the UK. We also identify some potential links between 184 
identified drivers of jet stream variability and precipitation and temperature over the UK, 185 
which may further enhance seasonal forecasting potential. Section 2 describes the data 186 
used, methods are outlined in section 3 and results presented in section 4. Section 5 187 
contains a wider discussion of the results and a summary follows in section 6. 188 
 189 
2. Data. 190 
A summary of datasets, time periods and regions extracted is given in Table 1. Gridded 191 
rainfall and temperature data for the UK are available at 5km resolution (UKCP09; Perry and 192 
Hollis 2005). These are based on observations and use regression to fill gaps in station data 193 
and inverse-distance weighted interpolation of regression residuals to generate values on a 194 
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regular grid, considering factors such as latitude, longitude, altitude, coastal and urban 195 
influences. In addition, regional rainfall and temperature records for the UK are available 196 
from the Met Office. A time series of monthly precipitation for UK regions (HadUKP; 197 
Alexander and Jones, 2001) is also used. These regions (Figure S1) are based on areas of 198 
coherent precipitation variability (Wigley et al., 1984). The Central England Temperature 199 
index (CET; Manley, 1953; Parker et al., 1992) and regional HadUKP data are used for 200 
comparison with UKCP09 gridded data in order to identify associations with atmospheric 201 
circulation indices.  202 
 203 
The NAO, EA and SCA indices are available from the CPC. These are time series derived from 204 
the rotated EOFs of 500hPa GPH anomalies, based on the NCEP/NCAR reanalysis (Kalnay et 205 
al., 1996) over the whole of the Northern hemisphere 206 
(http://www.cpc.ncep.noaa.gov/data/teledoc/ea.shtml). The summer NAO (SNAO) is the 207 
first EOF of SLP over 40-70N, 90W-30E, using NCEP/NCAR data, and is available from Climate 208 
Explorer (www.climexp.knmi.nl). In addition, the first three EOFs of North Atlantic SLP and 209 
their principal component (PC) time series are calculated for summer and winter over 1951-210 
2014 using 20CRv2c SLP data (Compo et al., 2011) and for 1979-2016 using ERA-Interim 211 
(ERA-I) reanalysis data (Dee et al., 2011). Separate EOFs are calculated for 1979-2014 (1980-212 
2014 for DJF) from both 20CRv2c and ERA-I to allow a direct comparison between EOFs 213 
from different reanalyses for the same time period. The area used is 20-80N, 90W-40E 214 
which is identical to the area used for the Hurrell PC NAO index; new indices are calculated 215 
to ensure that the first three EOFs are available and orthogonal. SLP is chosen since 20CRv2c 216 
uses SLP observations as a boundary condition and therefore SLP data are likely to be more 217 
accurate than 500hPa GPH. Finally, the Hurrell station-based NAO index is used as an 218 
Page 9 of 57
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
 10 
example of a station-based index and is described in the NCAR/UCAR Climate Data Guide 219 
(www.climatedataguide.ucar.edu). 220 
 221 
Metrics of jet speed and latitude variability are derived according to Woollings et al. (2010). 222 
Daily zonal wind speeds over 700-900hPa from the North Atlantic region (16-76°N, 60-0°W) 223 
are averaged vertically and a zonal-mean wind speed is calculated for each 2° latitude band. 224 
The maximum zonal mean gives the speed of the jet for each day, while the jet latitude is 225 
given by the latitude at which this maximum occurs. The daily time series of jet speed and 226 
latitude are filtered using a 61-point Lanczos filter to remove synoptic-scale variability 227 
(Duchon, 1979) and seasonal values of jet speed and latitude are calculated. Jet latitude and 228 
speed time series use ERA-I for 1979-2016 (JJA), 1980-2016 for DJF, and a longer time series 229 
uses 20CRv2c for 1951-2014. The ensemble mean values are used from 20CRv2c, as post-230 
1950 the ensemble spread is much reduced, and are in close agreement with jet metrics 231 
from other reanalysis products (e.g. Woollings et al., 2014).  850hPa vector winds and 232 
925hPa air temperature anomalies are obtained from NCEP/NCAR reanalysis (Kalnay et al., 233 
1996) for 1951-2016 and are used in composites of high and low circulation index years, to 234 
identify atmospheric features associated with the indices.  235 
 236 
To identify any associations between drivers of jet variability and UK rainfall and 237 
temperature, datasets of key drivers are used as identified by Hall (2016) for winter and Hall 238 
et al. (2017b) for summer. Both use multiple regression, composite and wavelet coherence 239 
analysis to determine potential drivers of jet speed and latitude. Hall (2016) identifies 240 
January AMO and Atlantic and Pacific tropical precipitation as drivers of winter jet speed. 241 
Drivers of winter jet latitude include the October N3.4 index, November sea-ice 242 
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concentration in the Barents-Kara Seas, October Eurasian snowcover and the autumn Quasi-243 
biennial oscillation (QBO).  Sea-ice concentration is obtained for the Greenland Sea (GI) and 244 
Barents-Kara Sea regions (BKI), from the HadISST1 dataset (Rayner et al., 2003). Snowcover 245 
data from Eurasia and North America are obtained from Rutgers University Snow Lab 246 
Robinson et al., 2012; http://climate.rutgers.edu/snowcover/). Two indices represent 247 
Atlantic SST: (1)  AMO (Enfield et al., 2001) index data are obtained from the Earth System 248 
Research Laboratory (www.esrl.noaa.gov/psd/data/timeseries/AMO) based on the Kaplan 249 
SST dataset (Kaplan et al., 1998, updated); (2) A North Atlantic tripole index uses the 250 
methodology of Czaja and Marshall (2001), based on the HadISST1 SST anomaly taken over 251 
60-40°W,40-55°N, minus the anomaly over a southern region 80-60°W, 25-35°N. Anomalies 252 
are relative to the 1981-2010 climatology. Monthly sunspot numbers are obtained from the 253 
Solar Influences Data Analysis Center (http://sidc.oma.be/). The QBO data are obtained 254 
from the Free University of Berlin (www.geo.fu-berlin.de/en/met/ag/strat/produkte/qbo/; 255 
Naujokat, (1986), updated). Tropical central Pacific SST anomalies are represented by a 256 
discontinuous El-Nino 3.4 index (N3.4) as described in Folland et al. (2012), derived from 257 
HadISST1 data. Tropical Atlantic precipitation anomalies from the Global Precipitation 258 
Climatology Project (GPCP v2; Adler et al., 2003) are also used. All these drivers are taken 259 
from 1951-2016, with the exceptions of snow cover and tropical precipitation, which are 260 
available from 1979. Figure S2 shows these regions.  261 
 262 
All datasets are linearly detrended to isolate the interannual association between circulation 263 
indices and temperature and rainfall. Winters are labelled by the year of the January, 264 
following standard meteorological convention. 265 
 266 
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3. Methods 267 
In order to identify the dominant North Atlantic atmospheric circulation patterns that 268 
influence UK weather on a seasonal scale, EOFs of North Atlantic SLP are constructed using 269 
latitude weightings (multiplying by the square root of the cosine of latitude). The 270 
significance of the separation of the EOFs is assessed using North’s Rule of Thumb (North et 271 
al., 1982). For winter and summer, the first three EOFs are found to be distinct. The EOF 272 
patterns also illustrate changes in circulation patterns between summer and winter. The 273 
principal components (PCs) are used as circulation indices for comparison with NAO-CPC, 274 
EA-CPC and SCA-CPC, as w ll as with metrics of jet speed and latitude. 275 
 276 
A simple correlation analysis (Pearson’s Product Moment) is conducted to identify 277 
relationships between the circulation indices themselves and associations between 278 
circulation metrics and UK temperature and rainfall. Significance is calculated based on 279 
effective degrees of freedom according to Bretherton et al. (1999), allowing for temporal 280 
autocorrelation in the time series. In addition, spatial autocorrelation and issues associated 281 
with multiple testing occur with correlation maps, which lead to areas of significance being 282 
too extensive due to overestimation of the number of spatial degrees of freedom. To 283 
minimise this effect the False Discovery Rate (FDR, Benjamini and Hochberg, 1995) is used. 284 
The p-values of the N tests are ordered. The smallest and nominally most significant of 285 
these tests is denoted p(1) and the largest and least significant is p(N). Individual tests are 286 
taken as significant if the corresponding p-value is no greater than: 287 
 288 
 = 	 = 1,… ,  :	 ≤
	
										(1) 
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 289 
The sorted p-values are assessed on a sliding scale. If the largest, p(N) is no greater than 290 
αglobal =FDR, all the tests are taken as being significant. The null hypothesis is rejected for the 291 
test having the largest p value satisfying equation 1, as are the null hypotheses for all tests 292 
with smaller p-values (Wilks, 2011; pp180-181). 293 
 294 
Composites of vector wind and air temperature anomalies are obtained for the ten highest 295 
and lowest circulation index years from the detrended time series, to identify larger-scale 296 
atmospheric circulation features associated with the circulation indices and UK precipitation 297 
and temperature patterns, in order to explain particular patterns of precipitation and 298 
temperature correlation with circulation indices. 299 
 300 
Correlation is also used to determine the strength and sign of association between 301 
identified drivers of North Atlantic jet stream variability and UK precipitation and 302 
temperature. 303 
 304 
4. Results 305 
4.1. EOF analysis of North Atlantic SLP 306 
The EOFs derived from 20CRv2c for 1951-2014 are shown in Figure 3. Figures S3 and S4 307 
show the equivalent for 20CRv2c and ERA-I, for 1980-2014 (DJF) and1979-2014 (JJA). For all 308 
periods, the first EOF is clearly recognisable as the NAO (SNAO in summer; Figures 3a,d; 309 
S3a,d; S4a,d). For the longer period, in summer EOF3 bears a closer resemblance to the EA 310 
than does EOF2 (Figure 3e,f), whereas in winter it is EOF2 that most closely resembles the 311 
EA, and EOF3 the SCA, although the high-pressure centre is displaced westwards compared 312 
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to the classic SCA (Figure 3b,c). The wintertime EOF2/EA and EOF3/SCA agreement is 313 
evident in EOFs from both reanalyses from 1980 onwards, (Figure S3), although there is a 314 
suggestion that EOF3 for both reanalyses (Figure S3c,f) could be a better fit for the East 315 
Atlantic-West Russian pattern which is often identified as the fourth EOF of North Atlantic 316 
atmospheric pressure or GPH, characterised by a wavelike pattern extending from the 317 
south-west to north-east (e.g. Lim, 2015). In summer the picture is less clear-cut for the 318 
period from 1980, with EOF2 resembling a combination of EA and SCA in both reanalyses 319 
(Figure S4b,e), while the two EOF3s are very different (Figure S4c,f). It is actually EOF4 of 320 
ERA-I that most closely res mbles EOF3 of 20CRv2c and SCA (not shown). This variation 321 
among the first three EOFs of SLP reflects a number of factors. First, different domains and 322 
time periods used for computing EOFs will introduce variations, particularly with the lower-323 
order EOFs. There will also be differences between EOFs calculated using SLP and 500GPH. 324 
EOFs do not reflect change over time and are stationary, and therefore EOFs calculated for 325 
different time periods are likely to reflect differences in relative strength between the EOFs, 326 
and changes in intensity and location of centres of action. Further differences between the 327 
EA-CPC and SCA-CPC patterns and the EOFs and PCs calculated here are attributable to the 328 
former being calculated through rotated EOFs for the whole of the northern hemisphere. It 329 
is notable that while spatial patterns are similar for 20CRv2c and ERA-I EOFs (Figures S3, S4), 330 
the amplitude of the EOFs in ERA-I is much less. Using NCEP/NCAR reanalysis produces 331 
amplitudes similar to those for 20CRv2c (not shown), and the reasons for the ERA-I 332 
discrepancy are unclear at present. 333 
 334 
4.2. Relationships between Atlantic Circulation Indices 335 
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The correlations between the circulation indices for 1951-2014 and 1979-2016 are shown in 336 
Table 2. There is good agreement between correlations over the two time periods; 337 
however, some discrepancies occur between PC2 and PC3, particularly in summer, reflecting 338 
the differences identified above between the EOF spatial patterns. For winter there is 339 
agreement between the identification of PC2 and PC3 over the two different time periods. 340 
In summer, by contrast, PC2 and PC3 are exchanged between the two time periods, as 341 
indicated by the EOF patterns in Figures 3 and S4. The EA-type pattern may have become 342 
more significant in the latter period in summer, promoting it to EOF/PC2. This switching of 343 
EOFs could be modulated by low-frequency SST variability such as the AMO. The latter has 344 
been in a positive phase since the mid-1990s and positive SST anomalies will be associated 345 
with lower SLP west of Ireland, corresponding to a positive EA. The summer EA has been 346 
largely positive since 2000. 347 
 348 
In winter for the period 1951-2014, there is good agreement between the different NAO-349 
like indices (NAO-CPC, PC1, Hstat, r=0.89-0.94) and jet latitude correlates highly with all 350 
three (0.77,0.82 and 0.79 respectively), indicating that the NAO-like circulation indices all 351 
capture more than 60% of the variance of winter jet latitude (R2). EA-CPC correlates well 352 
with PC2 (0.82) and with both jet speed and latitude (0.53 and -0.57 respectively), in 353 
agreement with Woollings and Blackburn (2012). SCA-CPC shows a significant negative 354 
correlation with jet latitude (-0.29) while the correlation with jet speed is insignificant. The 355 
correlation between SCA-CPC and PC3 is 0.35, notably weaker than the correlation between 356 
PC2 and the EA-CPC; therefore PC3 from this analysis is similar but not equivalent to SCA-357 
CPC. All leading modes of variability contribute to jet latitude variance (CPC: NAO 59.3%, EA: 358 
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33%, SCA: 8%; note here the variance total for the first three EOFs slightly exceeds 100% as 359 
rotated EOFs and their PCs are non-orthogonal).  360 
 361 
In summer, from 1951-2014 the association between NAO-like indices is weaker. Correlation 362 
coefficients are between 0.81 and 0.90 for pattern-based EOF indices (NAO-CPC, PC1, SNAO) 363 
while those of the NAO-CPC, PC1 and SNAO with Hstat are 0.47, 0.53 and 0.27, reflecting 364 
the shift in the NAO nodes in summer, which is not well captured by the fixed-point station-365 
based approach. PC1, NAO-CPC, SNAO and jet latitude are portraying essentially the same 366 
atmospheric circulation variability. The station-based index is not as strongly correlated with 367 
jet latitude (0.37) confirming the deficiency of this type of index in representing summer jet 368 
stream variability. As with winter, the EA-CPC shows a similar strength but opposite sign of 369 
correlation with jet speed and latitude. 370 
 371 
PC2 represents a mix of EA and SCA while PC2 and PC3 are well correlated with summer jet 372 
speed (-0.53, 0.59) compared with 0.36 and -0.07 for EA-CPC and SCA-CPC. The correlations 373 
for 1979-2016 show general agreement with those for the longer period, although the 374 
exchange of PC2 and PC3 is evident in the correlations.  Jet speed and latitude are not 375 
significantly correlated in either season, indicating that different factors may influence their 376 
variability (Woollings et al., 2010).  377 
 378 
4.3. Relationships between North Atlantic circulation indices and UK regional temperature 379 
and precipitation 380 
Correlations between the full range of atmospheric circulation indices and regional 381 
temperature and precipitation are presented in Table 3. Correlation maps based on 382 
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circulation indices and temperature and precipitation from UKCP09 (Figures 4-7) illustrate 383 
the spatial patterns of correlations, which is particularly important for temperature as CET 384 
only covers central England and gives no indication of regional variations. Only one map is 385 
shown for indices relating to jet latitude variability (PC1); maps for similar indices such as jet 386 
latitude, NAO-CPC and SNAO show little qualitative difference to that shown here. 387 
 388 
4.3.1 Temperature 389 
Correlations of the indices of jet latitude (NAO-CPC, PC1, Hstat, SNAO) with CET are positive 390 
and significant in both seasons, with the exception of Hstat in summer (Table 3a,b). In 391 
winter, EA-CPC, SCA-CPC and PC3 show no significant correlation with CET, while PC2 has a 392 
positive correlation. In summer, EA-CPC has a significant negative correlation with CET, PC3 393 
shows no significant relationship and PC2 is significantly positively correlated with CET 394 
although SCA-CPC is not.  395 
 396 
In Figures 4 and 5, EA-CPC, SCA-CPC and PC3 have no significant correlations with winter 397 
temperature over the whole of the UK (Figure 4a,b,e). However, PC2 shows significant 398 
positive correlations in the southern half of the UK (Figure 4d); a similar pattern to that 399 
shown by the EA-CPC but with stronger correlations and similar to the correlation pattern 400 
for jet speed (Figure 4f), reflecting the strong correlation between jet speed and PC2 (0.73) 401 
in Table 2. PC1 has positive significant correlations with winter temperature over the whole 402 
of the UK (figure 4c), and these associations get stronger to the north and west.  403 
 404 
While winter temperature correlations reveal a north-south variation (Figure 4), those in 405 
summer have a more meridionally-oriented variability (Figure 5). The EA-CPC has significant 406 
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negative correlations with temperatures in the west of the UK (Figure 5a), while PC1 is 407 
positively correlated with temperature for all the UK except western Scotland, although 408 
correlations are less strong than in winter (Figure 5c). Correlations with SCA-CPC, PC3 and 409 
jet speed are insignificant. Interestingly, PC2 which has a correlation of 0.43 with SCA-CPC 410 
(Table 2), shows significant positive correlations with summer temperature over all but 411 
eastern East Anglia and the North Sea coast of Lincolnshire and Yorkshire (figure 5d).  412 
 413 
4.3.2 Precipitation 414 
In winter significant positiv  correlations occur for Scotland and Northern Ireland 415 
precipitation with jet latitude-related metrics (NAO-CPC, jet latitude, PC1,Hstat; Table 3a), 416 
while there are significant negative correlations with eastern and southern England 417 
precipitation, clearly seen on Figure 6c. For large parts of the Midlands, Wales and south-418 
west England, the NAO has no significant correlation with precipitation as either a 419 
northward or southward shift in the jet will steer low pressure systems away from this 420 
region. The negative correlations on the eastern side of the UK are due to these regions 421 
lying in the rain shadow of the prevailing westerlies under a positive NAO, while for a 422 
negative NAO, anomalous easterly winds may bring moisture off the North Sea as 423 
precipitation along the east coast. PC2 and EA-CPC have significant positive correlations 424 
with precipitation across England and Wales, with correlations being stronger for PC2, 425 
significant correlations extending to western Scotland and northwest England and the whole 426 
of Northern Ireland (Figure 6a,d). SCA-CPC and PC3 show significant negative correlations 427 
with precipitation, mostly over the northern and western UK regions, which are stronger 428 
and more extensive for PC3 (Figure6b,e), significance for SCA-CPC being restricted to the 429 
northwest of Scotland. Jet speed has a similar correlation pattern to PC2 and EA-CPC, but 430 
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with a more westerly focus, insignificant correlations stretching down the east coast of 431 
England (Figure 6f).  432 
 433 
For summer, the indices that primarily represent jet latitude variability (NAO-CPC, latitude, 434 
PC1 and SNAO) show almost exclusively significant negative correlations with regional 435 
precipitation (Table3b, Figure 7c), regardless of region although only SNAO has a significant 436 
correlation in the north of Scotland.  The summer EA-CPC more closely resembles PC3 and 437 
both have positive significant relationships with precipitation (Table 3b, Figure 7a,e), these 438 
being stronger and with more widespread significance for the EA-CPC, although this 439 
significance appears patchy in southeast England and the extreme north west of Scotland 440 
(Figure 7a). PC2 and SCA-CPC show negative correlations with rainfall, significant for both 441 
indices in Scotland and with some significance over north-west England, Wales and 442 
Northern Ireland for PC2 (Figure 7b,d). Jet speed has a significant positive correlation with 443 
precipitation in the west of Scotland, precisely where the PC1 correlations are insignificant 444 
(Table 3b, Figure 7f). 445 
 446 
4.4. Explaining features of North Atlantic circulation-UK regional climate correlations. 447 
Composites of vector wind and 925hPa air temperature anomalies (Figures 8 and 9) yield 448 
important features of the North Atlantic atmospheric circulation that explain the 449 
correlations discussed above. Figures show high minus low index years, indicating 450 
conditions under a positive circulation index.  451 
 452 
4.4.1 UK Temperature  453 
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In winter, the positive correlations of EA-CPC/PC2/jet speed with temperature over south 454 
and central England (Figure 4a,d) are associated with south westerly wind anomalies 455 
advecting warmer air over the UK (Figure 8a-d,k,l) for the positive phase EA-CPC/PC2. For 456 
PC2 warm anomalies extend to North Africa and are slightly stronger over western Europe 457 
compared with EA-CPC (Figure 8b,d): hence the significant correlations with temperature in 458 
Figure 4d. In contrast, for SCA/PC3 anomalous easterly winds advect cold air from 459 
continental Europe over the UK, leading to lower temperatures (Figure 8e-h) and thw weak 460 
negative correlations with temperature (Figure 4b,e).  SCA-CPC and PC3 are associated with 461 
anomalously low temperatures over central Asia (not shown), although the centre of this is 462 
shifted westwards for PC3 and temperatures are not as low (60°E, -4.0°C for PC3; 90°E, -463 
6.4°C for SCA-CPC). Under positive NAO conditions (PC1), strong westerly wind anomalies 464 
advect relatively warm maritime air over the UK, and into northern Europe (Figure 8i,j).  465 
 466 
While winter correlations with temperature change in a north-south direction, those in 467 
summer change from east to west, which is explained by summer changes in circulation 468 
patterns and the locations of regions of anomalous temperature (Figure 9). The EA-CPC 469 
(Figure 9a,b) and jet speed (Figure 9k,l) are negatively correlated with temperatures in the 470 
west of the UK, correlations being significant for the EA-CPC (Figure 5a). Both circulation 471 
patterns show a negative temperature anomaly over the central North Atlantic (positive EA, 472 
stronger jet), but the centre of this is located directly over the UK for the EA-CPC, exerting a 473 
stronger influence on UK temperatures than for jet speed (Figure 9b, c.f. 9l). For PC3, (Figure 474 
9g,h) while the circulation pattern is similar to that of the EA-CPC, it is displaced westwards, 475 
the mid-Atlantic cold anomaly is further west and winds over the UK are south-westerly, 476 
with insignificant correlations between the circulation pattern and regional temperature 477 
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anomalies (Figure 5e). Vector winds suggest the cold anomaly for EA-CPC originates with the 478 
southerly advection of cold air from Iceland and Greenland (Figure 9a), and in the case of jet 479 
speed, from the Baffin Bay region (figure 9k), whereas for PC3, there is evidence of mixing of 480 
cold Greenland air with air drawn up from the Gulf of Mexico, reducing the impact of the 481 
negative temperature anomaly (Figure 9g). The PC2/SCA-CPC patterns are associated with 482 
positive UK temperature anomalies (Figure 9d,f), with easterly wind anomalies bringing in 483 
warm continental air. The easterlies are stronger for PC2 and the warm continental anomaly 484 
extends further west over the UK. The lack of significant correlation between temperature 485 
and PC2 along the North Sea coast of England (Figure 5d) is likely to be due to local 486 
conditions, where Haar fog is frequently experienced as warm air flows over the cold North 487 
Sea, cooling areas along the coast and adjacent areas.  488 
 489 
In the positive phase of PC1 (or SNAO), the southern UK lies under an anomalous easterly 490 
flow of warm continental air, leading to anomalously warm conditions, while north-west 491 
Scotland lies under the westerly jet (Figure 8i), advecting cooler air from the North Atlantic 492 
and weakening the correlation with temperature in this region (Figure 5c) .  493 
 494 
4.4.2. UK Precipitation 495 
The positive winter correlation between southern UK precipitation and the EA-CPC/PC2/jet 496 
speed is explained by the moisture-laden south-westerlies, with their main focus on the 497 
southern regions of the UK (Figure 8a,c,k). Conversely, for a positive phase of PC1, the jet 498 
stream lies over the northern half of Britain (Figure 8i), with heavier rainfall over western 499 
Scotland and north-west England, but with an east/west divide caused by the orographic 500 
impact on rainfall, and the rain-shadow effect (Figure 6c). The rainfall correlation pattern for 501 
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SCA-CPC/PC3 is almost the reverse of the PC1/NAO pattern (Figure 6b,e), with significant 502 
positive relationships along the east coast as easterly winds bring moisture from the North 503 
Sea, while the western regions are in the rain-shadow with respect to these easterlies. The 504 
effect may be more pronounced for the SCA-CPC relative to PC3 as the easterly winds are 505 
displaced northwards and have a longer fetch across the North Sea (Figure 8e,g). 506 
 507 
In summer, the positive association of precipitation with the EA-CPC/PC3/jet speed is 508 
governed by the warm moist westerlies, with the northward displacement of westerlies for 509 
a strong jet speed (Figure 9k), combined with the orographic effect accounting for the 510 
significant positive correlations in the western Scotland (Figure 7f). Significant positive 511 
correlations with the EA are more widespread, with warm moist air being drawn from 512 
further south in the central North Atlantic (Figure 9b,k). The cold anomalies over the UK 513 
during the positive EA-CPC phase (Figure 9b) may encourage condensation of water vapour 514 
in the warm moist Atlantic air, increasing precipitation. SCA-CPC and PC2, have a negative 515 
correlation with precipitation along the west of the UK, similar to that in winter (Figure 516 
7b,d). The areas of significance are more extensive in PC2 due to the stronger area of high 517 
pressure evident over the North Sea compared with SCA-CPC (Figure 9c,e).  518 
 519 
The lack of significant summertime correlation between precipitation and the NAO in north-520 
west Scotland (Figure 7c)  is due to the summertime northward shift in the NAO centres of 521 
action (Figure 3a,b); for a positive SNAO/PC1, north-west Scotland is just south of the main 522 
storm track whereas for a negative phase, it lies just to the north, hence the change in 523 
rainfall will not be as great as further south, where in the positive phase the southern UK is 524 
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well to the south of the storm track, experiencing low rainfall, while in a negative phase, the 525 
storm track directs low pressure systems toward this region. 526 
 527 
4.5 Drivers of Jet Variability and their relations with UK regional temperature and 528 
precipitation patterns. 529 
Table 4 shows correlations between slowly varying drivers of jet stream variability and UK 530 
temperature and precipitation. It is unsurprising that many of the jet stream drivers are 531 
insignificantly correlated with rainfall or temperature, as any influence is indirect, operating 532 
through jet variability. Each driver is only one of several jet predictors, which together 533 
explain only a fraction of jet variance. The jet in turn only explains a fraction of precipitation 534 
and temperature variance. However, there are some notable significant correlations, 535 
particularly in summer. Detrended November sea-ice concentration in the Barents-Kara Sea 536 
(BKI) has significant negative correlations with summer rainfall over the whole of the UK 537 
with the exception of Northern Scotland, and a significant positive correlation with CET 538 
(Table 4b). The sign of the relationships is as expected from the positive association 539 
between November sea-ice and summer jet latitude; reduced sea-ice is associated with a 540 
southward displacement of the jet in the following summer, with increased rainfall and 541 
cooler temperatures.  Correlations between November BKI and the summer temperature 542 
and rainfall are almost identical over the periods 1955-2014 (0.27 for CET and -0.39 for 543 
EWP) and 1979-2016 (0.31; CET and -0.39; EWP), suggesting the relationship is not 544 
attributable to recent sea-ice decline.  545 
 546 
The positive summer association of precipitation with the AMO, as identified by Sutton and 547 
Dong (2012) is significant over northern England, Scotland and Northern Ireland (Table 3b), 548 
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although not significant further south. The result is consistent with O’Reilly et al. (2017), 549 
who identify similar associations between precipitation and the AMO phase, which is 550 
dynamical in origin, associated with a cyclonic SLP anomaly over the North Atlantic, leading 551 
to increased precipitation over northwestern Europe.  552 
 553 
The lagged negative association between summer precipitation and the solar cycle is 554 
significant in the south-east of England and eastern Scotland, and England and Wales more 555 
generally. While the lag agrees with recent studies (Scaife et al., 2013; Gray et al., 2013; 556 
Andrews et al., 2015), thes  all focus on winter. The lagged solar relationship was not 557 
identified as a significant driver of winter jet variability in Hall (2016) and so is not examined 558 
here; it is beyond the scope of this paper to test direct associations between a larger 559 
number of predictors and UK temperature and precipitation. The significant positive 560 
correlation of Scottish precipitation with January tropical Atlantic precipitation (AR; Table 561 
3b) is as-yet unexplained and could be down to chance, although it was identified as a driver 562 
of JJA jet speed (Hall et al., 2017b), which has similar positive correlations with Scottish 563 
rainfall (Table 2b). It is surprising that correlations in winter are fewer and weaker, whereas 564 
predictability of the NAO is greater in winter (e.g. Scaife et al., 2014). This could reflect the 565 
increased number of drivers operating in winter, which may mean correlations with 566 
individual drivers are weak, or are better represented by factors not included here such as 567 
the strength of the stratospheric polar vortex.  568 
 569 
5. Discussion 570 
The results presented here demonstrate the limited value of NAO winter seasonal forecasts, 571 
when considering UK regional temperature and precipitation variability. The use of forecast 572 
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of other circulation indices such as the EA, SCA and jet speed and latitude can complement 573 
the NAO forecasts, and help to provide a more regional focus. Results agree with van 574 
Oldenborgh et al. (2015) who identified that the southern England precipitation anomalies 575 
in 2013/14 cannot be attributed to the NAO. Similarly, Wood (2004) reports that although 576 
the NAO is a good indicator of winter temperature in the south west of England, there is a 577 
less clear association with precipitation, also shown in this study (Figures 4c, 6c). Comas-Bru 578 
and McDermott (2014) show similar regional variations in the strength of association 579 
between NAO phase and winter precipitation and temperature.  580 
 581 
Results presented in this study indicate that in 2013/14, precipitation anomalies in southern 582 
England can be attributed to the positive EA phase (Figure 6a) and to the strong jet stream 583 
which will itself strengthen the EA (Figure 6f). Returning to Figure 1, only 2014/15 shows a 584 
classic NAO distribution of winter precipitation anomalies (see Figure 6c), although the 585 
positive rainfall anomalies are not as large as those in 2013/14 and 2015/16. Other winters 586 
demonstrating the classic NAO pattern since 2000 are 2001/02, 2004/05, 2011/12 (positive 587 
NAO), and 2002/03 and 2009/10 (negative NAO). All other years show patterns that are 588 
significantly influenced by other circulation regimes. Similarly, recent summers that show an 589 
NAO rainfall anomaly pattern as suggested by Figure 7c are 2004, 2007, 2008, 2012 (all 590 
negative NAO). Extending the work to the Atlantic basin, Seierstad et al. (2007) find that the 591 
NAO does not explain all the storminess in the Atlantic, with the East Atlantic pattern being 592 
a significant factor, particularly where the NAO influence is less strong, explaining the link 593 
between the EA and southern England precipitation.  594 
 595 
Page 25 of 57
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
 26 
Statistical models have shown good success in predicting the winter NAO (Hall et al., 2017a) 596 
and recent work has also begun to identify some possible sources of predictability in the 597 
summer jet latitude and speed (Hall et al., 2017b). These influences on the jet stream, and 598 
by definition the NAO, are sources of potential predictability of both the winter and summer 599 
North Atlantic atmospheric circulation and UK regional temperature and rainfall anomalies. 600 
The weak correlations between a number of these influences and UK rainfall and 601 
temperature found here are unsurprising. Each driver is only one contributory factor to NAO 602 
variance, and a combination of drivers will only explain around 35% (summer) to 56% 603 
(winter) of the NAO variance (Hall et al., 2017b, Hall, 2016). Likewise the NAO will only 604 
“explain” a limited portion of the rainfall or temperature variance. Any causality is one step 605 
removed, meaning correlations between NAO drivers and rainfall and temperature are likely 606 
to be lower than correlations between the driver and NAO itself. However, there are 607 
promising correlations between a number of drivers of summer jet stream variability, 608 
particularly November BKI, the AMO and a lagged solar influence, and UK summer rainfall 609 
and temperature.  The mechanism for a summer lagged solar effect is unclear, as recent 610 
studies identify an association in winter, with a suggested coupling between ocean and 611 
atmosphere (Scaife et al., 2013; Gray et al., 2013).  This involves storage of heat in the ocean 612 
from winter below the shallow summer thermocline, which re-emerges as the latter breaks 613 
down in the following winter. However, in Andrews et al. (2015) these positive temperature 614 
anomalies are shown persisting in the summer mixed layer of the ocean for up to four years 615 
(their figure 4b). The sea-ice association has also to be explained and may depend on 616 
persistence of SST anomalies induced by the previous season’s ice anomaly. This is an area 617 
for future research, together with examining associations with a wider range of drivers than 618 
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used here, such as the stratospheric polar vortex in winter. It may be possible to use these 619 
slowly varying boundary conditions to make direct forecasts of UK seasonal weather. 620 
 621 
Developing effective statistical models for the EA-CPC/PC2 and SCA-CPC/PC3 and jet speed 622 
will identify further potential sources of seasonal predictability for these indices, which in 623 
turn will allow more accurate regional seasonal forecasts of temperature and precipitation 624 
to be issued, for both summer and winter. Such models may in turn inform the next 625 
generation of dynamical weather forecasting models. Forecasts could also be extended 626 
from meteorological variables to more specific metrics used by the power generation 627 
industries. For example, high electricity demand in winter is driven by cold conditions, 628 
frequently associated with high pressure and anomalous easterly winds prevalent under a 629 
negative NAO or SCA-CPC/PC3 pattern. Thornton et al. (2017) find that peak demand is 630 
associated with a SCA-CPC/PC3 type circulation, while the wind capacity for electricity 631 
generation actually increases slightly under these conditions, compared with when high 632 
pressure and low wind speeds are situated directly over the UK. Therefore SCA-CPC/PC3 633 
forecasts could also be associated with wind capacity metrics and would be useful for the 634 
wind power industry. Similarly, solar energy generation from photovoltaic (PV) cells is 635 
dependent on sunshine duration and cloud cover, which can also be related to the phase of 636 
the NAO on a regional basis, (e.g. Colantuano et al., 2014) and may also be associated with 637 
other circulation regimes in different parts of the UK. However, a cautionary note should be 638 
sounded. Non-stationarities are evident in the NAO and other circulation patterns, due to 639 
shifts in centres of action, changes in frequency of occurrence of particular patterns and 640 
changes in the preferred phase of the patterns (Hertig et al., 2015). Such non-stationarities 641 
are likely to result in changes in the strength of association over time between the 642 
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circulation patterns and meteorological variables, which will have an impact on regional 643 
climate predictability. This study also demonstrates that a station-based NAO is not well-644 
correlated with summertime UK temperature and precipitation, due to shifts in the NAO 645 
centres of action during the summer, away from the traditional station locations. Therefore 646 
summer seasonal forecasts should focus on jet speed and latitude, or PC-based circulation 647 
indices. 648 
 649 
6. Summary 650 
These results demonstrate that UK-wide regional variations in temperature and 651 
precipitation anomalies are not adequately explained by the NAO alone. The NAO is 652 
primarily an indicator of jet latitude variability, here described by a range of indices (NAO-653 
CPC, Hstat, PC1, and in summer, SNAO). In summer, the NAO is positively (negatively) 654 
correlated with temperature (precipitation) over the whole of the UK with the exception of 655 
northwest Scotland. In northwest Scotland, however, rainfall is most strongly correlated in 656 
summer with jet speed and negatively correlated with PC2/SCA-CPC. In winter, while 657 
temperatures are significantly positively correlated with the NAO over the whole of the UK, 658 
precipitation predictability based on the NAO only applies to northwest of Scotland and 659 
England (significant positive correlation), and the east coasts of Scotland and England, 660 
where the correlation is negative. Significant correlations for the rest of the UK come from 661 
other atmospheric circulation indices: most notably PC2, PC3 and jet speed. Therefore, 662 
developing seasonal forecasts for a range of North Atlantic atmospheric circulation metrics 663 
would be advantageous for providing improved regional seasonal forecasts of precipitation 664 
and temperature, although the NAO is the most effective index in terms of predicting UK 665 
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temperature anomalies. Seasonal forecasts could be extended to include other 666 
meteorological variables and related metrics such as those used by the energy industries.  667 
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Figure Captions. 912 
 913 
Figure 1. Rainfall anomaly maps for winter a) 2013-14, b) 2014-15 and c) 2015-16 relative to 914 
1981-2010 climatology. The Hurrell PC NAO indices for the three winters are 0.59, 1.67 and 915 
0.95 respectively. (CPC indices are: NAO: 0.56, 1.42, 0.99; EA: 0.57, 0.16, 2.00; SCA: 0.71, -916 
0.32, -0.38). Figures from the UK Met Office. 917 
 918 
Figure 2. differences between winter 2013/14 and 2014/15 for a) zonal windspeed at 919 
850hPa and b) SLP. Data from NCEP/NCAR reanalysis. Contours are shown for the major 920 
tickmarks, with negative contours dotted.  921 
Figure 3. First 3 EOFs of SLP for a) winter and b) summer derived from 20CRv2, 1951-2014. 922 
The percentage of SLP variance explained by each EOF is indicated.  923 
Figure 4. Correlations of DJF mean temperature with metrics of Atlantic atmospheric 924 
circulation, 1952-2011. Black contours denote correlations significant at p≤0.05. Data from 925 
UKCP09 5km gridded data. 926 
Figure 5. As for Figure 4 except for JJA mean temperature, 1951-2011.  927 
Figure 6. As for Figure 4 except for DJF total precipitation, 1952-2011. Note that blue shows 928 
a positive correlation. 929 
Figure 7. As for Figure 4, except for JJA total precipitation, 1951-2011. Note that blue shows 930 
a positive correlation. 931 
Figure 8. Composites of 850hPa vector wind and 925hPa air temperature anomalies, for 932 
each of the DJF circulation indices. Figures derived from composites of the ten highest 933 
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minus the 10 lowest years of the index in question, from 1951-2014. Taken from 934 
NCEP/NCAR reanalysis.  935 
Figure 9. As for Figure 8, except for JJA.  936 
 937 
 938 
 939 
 940 
 941 
 942 
 943 
 944 
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Figure 1. Rainfall anomaly maps for winter a) 2013-14, b) 2014-15 and c) 2015-16 relative to 1981-2010 
climatology. The Hurrell PC NAO indices for the three winters are 0.59, 1.67 and 0.95 respectively. (CPC 
indices are: NAO: 0.56, 1.42, 0.99; EA: 0.57, 0.16, 2.00; SCA: 0.71, -0.32, -0.38.)  
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Figure 2. differences between winter 2013/14 and 2014/15 for a) zonal windspeed at 850hPa and b) SLP. 
Data from NCEP/NCAR reanalysis. Contours are shown for the major tickmarks, with negative contours 
dotted.  
 
 
127x64mm (300 x 300 DPI)  
 
 
Page 43 of 57
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
  
 
 
Figure 3. First 3 EOFs of SLP for a) winter and b) summer derived from 20CRv2, 1951-2014. The percentage 
of SLP variance explained by each EOF is indicated.  
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Figure 4. Correlations of DJF mean temperature with metrics of Atlantic atmospheric circulation, 1952-2011. 
Black contours denote correlations significant at p≤0.05. Data from UKCP09 5km gridded data.  
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Figure 5. As for Figure 4 except for JJA mean temperature, 1951-2011.  
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Figure 6. As for Figure 4 except for DJF total precipitation, 1952-2011. Note that blue shows a positive 
correlation.  
 
 
177x176mm (300 x 300 DPI)  
 
 
Page 47 of 57
http://mc.manuscriptcentral.com/joc
International Journal of Climatology - For peer review only
Peer Review Only
  
 
 
Figure 7. As for Figure 4, except for JJA total precipitation, 1951-2011. Note that blue shows a positive 
correlation.  
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Figure 8. Composites of 850hPa vector wind and 925hPa air temperature anomalies, for each of the DJF 
circulation indices. Figures derived from composites of the ten highest minus the 10 lowest years of the 
index in question, from 1951-2014. Taken from NCEP/NCAR reanalysis.  
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Figure 9. As for Figure 8, except for JJA.  
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dataset Variable used Region selected Dates used 
NAO-CPC/EA-
CPC/SCA-CPC 
500hPha GPH Northern hemisphere, 20-
90N 
1951-2016 
SNAO SLP (NCEP/NCAR) 90W-30E, 40-70N 1951-2016 
Hurrell station 
NAO 
SLP 90W-40E, 20-80N 1951-2016 
CET seasonal temperature Central England 1951-2016 
HadUKP Seasonal  precipitation UK regions 1951-2016 
UKCP09 temperature, precipitation 5km grid over UK 1951-2011 
20CRv2c zonal wind (jet speed and 
latitude 
SLP (EOFs) 
60-0W, 16-76N 
 
90W-40E, 20-80N 
1951-2014 
 
1951-2014 
ERA-I Zonal wind (jet speed and 
latitude 
SLP (EOFs) 
60-0W, 16-76N 
 
90W-40E, 20-80N 
1979-2016 
 
1979-2016 
NCEP-NCAR 
reanalysis 
850hPa Vector winds, 
925hpA temperature 
90W-40E, 20-80N 1951-2016 
HadISST1 Sea ice concentration 
 
 
SST (NA Tripole) 
 
N3.4 
30-90E,70-85N (BKI) 
35-0W, 80-90N (GI) 
 
60-40W, 40-55N minus 80-
60W,25-35N 
120-170W, 5N-5S 
1951-2016 
 
 
 
1951-2016 
1951-2016 
snowcover Snowcover extent, Rutgers 
University 
55-150E, 45-80N (Eurasia) 
130-70W, 40-70N) (N. 
America) 
1979-2016 
AMO Kaplan SST 0-70N (N Atlantic) 1951-2016 
Solar variability Sunspot numbers NA 1951-2016 
QBO 30hPa zonal winds NA 1951-2016 
GPCPv2 Tropical Atlantic 
precipitation 
10-35W, 5N-5S 1979-2016 
 
Table 1. Summary of datasets used, the regions and time periods extracted. 
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a) DJF NAO-
CPC 
EA SCA PC1 PC2 PC3 Jet 
speed 
Jet 
latitude 
Hstat 
NAO-CPC  -0.17 -0.30 0.89 0.11 -0.14 0.28 0.77 0.94 
EA -0.15  0.07 -0.20 0.82 0.13 0.53 -0.57 -0.16 
SCA -0.50 -0.02  -0.46 -0.02 0.35 -0.09 -0.29 -0.28 
PC1 0.90 -0.21 -0.67  0.004 -0.05 0.18 0.82 0.89 
PC2  0.16 0.82 -0.19 0.04  -0.00 0.73 -0.38 0.12 
PC3 swap  -0.13 0.08 0.29 -0.05 0.01  0.07 0.07 -0.07 
Jet speed 0.43 0.50 -0.23 0.31 0.77 -0.19  -0.07 0.3 
Jet latitude 0.71 -0.61 -0.37 0.79 -0.42 -0.03 -0.04  0.79 
Hstat 0.92 -0.10 -0.49 0.89 0.25 0.02 0.52 0.69  
  
b) JJA NAO-
CPC 
EA SCA PC1 PC2 PC3 SNAO Jet 
speed 
Jet 
latitude 
Hstat 
NAO-CPC  -0.25 0.21 0.90 0.00 -0.01 0.81 0.12 0.71 0.47 
EA -0.05  -0.24 -0.21 -0.38 0.37 -0.44 0.36 -0.37 0.28 
SCA 0.22 -0.22  0.25 0.43 0.10 0.29 -0.07 0.19 0.02 
PC1 0.90 -0.04 0.17  -0.04 -0.03 0.85 0.10 0.74 0.53 
PC2 0.10 0.38 -0.04 0.04  0.07 0.37 -0.53 0.15 -0.40 
PC3 0.26 0.33 0.25 0.22 -0.10  0.30 0.59 -0.24 0.28 
SNAO 0.80 -0.34 0.25 0.87 -0.24 -0.09  -0.24 0.76 0.27 
Jet speed 0.32 0.45 -0.05 0.27 0.56 0.51 -0.06  -0.13 0.50 
Jet latitude 0.64 -0.30 0.09 0.68 0.33 -0.13 0.73 -0.09  0.37 
Hstat 0.56 0.29 0.11 0.56 0.43 0.06 0.40 0.50 0.40  
 
Table 2. Table of correlations between North Atlantic atmospheric circulation indices for a) 
winter (DJF) and b) summer (JJA). Bold denotes correlation coefficients significant at p≤0.05. 
Black figures above the diagonal denote correlations over 1951-2014, based on 20CRv2c SLP 
data for the PCs, while red figures are over the period 1979-2016 (JJA) and 1980-2016 (DJF), 
based on ERA-I SLP data for the PCs. NB for JJA, 1979+, PC2 is closer to EA and PC3 to SCA, 
whereas for 1950 this is reversed, explaining discrepancies in correlations (highlighted). 
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a) DJF CET EW SEE SWE CE NWE NEE S SS NS ES NI 
NAO-
CPC 0.63 0.09 -0.07 0.19 -0.14 0.48 -0.08 0.69 0.71 0.77 0.20 0.41 
EA 0.16 0.63 0.60 0.64 0.6 0.34 0.60 0.24 0.24 0.09 0.37 0.31 
SCA -0.19 0.10 0.22 0.07 0.17 -0.25 0.18 -0.29 -0.29 -0.41 0.02 -0.11 
lat 0.42 -0.37 -0.49 -0.30 -0.49 0.10 -0.48 0.32 0.35 0.50 -0.15 0.08 
speed 0.33 0.63 0.59 0.70 0.47 0.52 0.44 0.51 0.54 0.37 0.47 0.57 
PC1  0.67 -0.14 -0.29 -0.04 -0.34 0.35 -0.29 0.60 0.64 0.76 0.02 0.25 
PC2  0.41 0.76 0.73 0.80 0.63 0.57 0.60 0.49 0.48 0.35 0.48 0.52 
PC3  -0.09 -0.29 -0.22 -0.25 -0.24 -0.47 -0.19 -0.40 -0.35 -0.34 -0.40 -0.49 
Hstat 0.65 0.06 -0.08 0.16 -0.15 0.44 -0.14 0.64 0.67 0.75 0.14 0.38 
 
b)JJA CET EW SEE SWE CE NWE NEE S SS NS ES NI 
NAO-
CPC 0.44 -0.65 -0.59 -0.6 -0.58 -0.61 -0.63 -0.52 -0.51 -0.17 -0.60 -0.59 
EA -0.33 0.40 0.31 0.41 0.34 0.45 0.35 0.50 0.51 0.44 0.39 0.47 
SCA 0.14 -0.09 -0.05 -0.05 -0.03 -0.25 -0.10 -0.30 -0.35 -0.41 -0.12 -0.20 
lat 0.35 -0.72 -0.67 -0.68 -0.68 -0.60 -0.67 -0.57 -0.54 -0.23 -0.63 -0.70 
speed -0.12 0.24 0.16 0.29 0.18 0.25 0.20 0.36 0.41 0.46 0.16 0.30 
PC1  0.47 -0.67 -0.64 -0.62 -0.60 -0.58 -0.63 -0.57 -0.54 -0.23 -0.63 -0.70 
PC2  0.41 -0.26 -0.15 -0.27 -0.14 -0.44 -0.26 -0.47 -0.52 -0.62 -0.24 -0.38 
PC3  0.09 0.26 0.19 0.36 0.21 0.19 0.19 0.28 0.32 0.26 0.19 0.29 
Hstat 0.02 -0.25 -0.30 -0.15 -0.30 -0.13 -0.23 -0.05 0.00 0.28 -0.26 -0.14 
SNAO 0.56 -0.80 -0.71 -0.77 -0.69 -0.78 -0.76 -0.77 -0.76 -0.44 -0.77 -0.82 
 
Table 3. Correlations between detrended atmospheric circulation indices and detrended 
time series of temperature and precipitation for UK regions, 1951-2014 for a) winter (DJF) 
and b) summer (JJA). Dark (light) blue shows negative correlation significant at p≤0.01 
(0.05). Dark (light) orange shows positive correlation significant at p ≤0.01 (0.05). CET = 
Central England temperature. Precipitation regions are: EW: England and Wales, SEE: South-
east England, SWE: south-west England, CEP: central England, NWE: north west England, 
NEE; north east England, S: Scotland, SS: southern Scotland, NS: Northern Scotland, ES: East 
Scotland, NI: Northern Ireland. 
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a) DJF Jet 
driver 
CET EW SEE SWE CE NWE NEE S SS NS ES NI 
November 
BKI 0.36 0.06 -0.05 0.11 0.08 0.16 0 0.2 0.21 0.23 0.04 0.21 
September 
GI 0.15 0.14 0.21 0.15 0.1 0.07 -0.01 0.06 0.09 0 0.1 0.11 
October Eu 
snow* -0.17 0.25 0.35 0.21 0.32 -0.03 0.22 
-
0.19 
-
0.17 -0.32 0.11 0.04 
September 
AMO -0.04 0.02 0.04 -0.03 0.07 0.02 0.05 
-
0.03 
-
0.05 -0.07 0.08 
-
0.01 
June SST 
tripole 0.12 0.1 0.04 0.14 0.06 0.11 0.06 0.13 0.08 0.15 0.14 0.13 
October 
QBO 0.06 -0.01 -0.03 -0.03 
-
0.05 0.09 0.02 0.16 0.13 0.16 0.15 0.04 
October 
N3.4  -0.16 0.13 0.22 0.11 0.2 -0.12 0.1 
-
0.23 
-
0.23 -0.26 
-
0.09 
-
0.14 
 
b) JJA jet 
driver 
CET EW SEE SWE CE NWE NEE S SS NS ES NI 
November 
BKI 0.27 -0.39 -0.3 -0.35 -0.37 -0.41 -0.42 
-
0.43 -0.39 -0.24 -0.46 -0.47 
February 
NA snow* -0.21 0.25 0.15 0.23 0.26 0.23 0.31 0.27 0.25 0.17 0.32 0.26 
January 
AMO 0.01 0.26 0.17 0.17 0.26 0.31 0.36 0.29 0.24 0.08 0.37 0.27 
May SST 
tripole -0.05 -0.03 0.01 -0.07 0.04 -0.06 -0.06 
-
0.19 -0.16 -0.25 -0.14 -0.05 
June solar 
lead 4 0.14 -0.26 -0.32 -0.25 -0.17 -0.25 -0.21 
-
0.23 -0.24 -0.05 -0.27 -0.21 
January 
AR* -0.15 0.15 0.1 0.14 0.08 0.19 0.19 0.33 0.35 0.33 0.25 0.19 
 
Table 4. Correlations between identified detrended drivers of jet speed and latitude for a) 
winter (DJF) and b) summer (JJA) with precipitation and temperature (CET) time series for 
the UK, 1955-2014, except for those marked * where the correlation is from 1980 due to 
availability of predictor time series. Significant correlations are orange (positive) and blue 
(negative) with p≤ 0.05 (0.01) light (dark). BKI =Barents-Kara sea-ice, GI=Greenland Sea ice, 
Eu snow=Eurasian snow cover, NA snow=North American snow cover, AMO =Atlantic 
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Multidecadal Oscillation, tripole SST =North Atlantic tripole pattern of SST, QBO=Quasi-
Biennial Oscillation, solar lead 4=solar sunspot cycle leading by four years, AR=tropical 
Atlantic rainfall. UK regions are as in Figure S1. 
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North Atlantic circulation indices: links with summer and winter UK temperature and precipitation and 
implications for seasonal forecasting.  
Richard J. Hall* and Edward Hanna  
The winter North Atlantic Oscillation is predictable from a few months ahead, but does not explain all 
regional UK precipitation and temperature anomalies. We examine associations between a number of 
circulation indices and UK summer and winter temperature and rainfall patterns.  The East Atlantic and 
Scandinavian patterns explain significant regional variations in UK weather, and some drivers of summer jet 
stream variability are directly associated with summer temperature and precipitation variability. There is 
potential to develop improved regional seasonal forecasts.  
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